Overriding the G 2 DNA damage checkpoint permits precocious entry into mitosis that ultimately leads to mitotic catastrophe. Mitotic catastrophe is manifested by an unscheduled activation of CDK1, caspase activation and apoptotic cell death. We found that although cyclin B1 was required for mitotic catastrophe, it was cleaved into a B35 kDa protein by a caspase-dependent mechanism during the process. Cyclin B1 cleavage occurred after Asp123 in the motif ILVD 123 k, and mutation of this motif attenuated the cleavage. Cleavage was abolished by a pan-caspase inhibitor as well as by specific inhibitors for the effector caspase-6 and the initiator caspase-8. Cleavage created a truncated cyclin B1 lacking part of the NH 2 -terminal regulatory domain that included the destruction box sequence. Although cleavage of cyclin B1 itself was not absolutely required for mitotic catastrophe, expression of the truncated product enhanced cell death. In support of this, ectopic expression of this truncated cyclin B1 was not only sufficient to induce mitotic block and apoptosis but also enhanced mitotic catastrophe induced by ionizing radiation and caffeine. These data underscore a possible linkage between mitotic and apoptotic functions by caspase-dependent processing of mitotic activators.
Introduction
The G 2 DNA damage checkpoint prevents entry into mitosis after DNA is damaged. Cells that harbor defects in this checkpoint are thus prone to genomic instability. The current paradigm states that the checkpoint exerts its effects mainly through activation of several protein kinases, culminating in the inhibitory phosphorylation of CDK1 (Kastan and Bartek, 2004) .
The gene mutated in ataxia-telangiectasia ATM and a related gene ATR encode two of the protein kinases activated by genotoxic stress. ATM/ATR phosphorylates and activates CHK1 and CHK2, which in turn phosphorylate and inactivate members of the CDC25 family. Phosphorylation of CDC25A promotes its degradation through an ubiquitin-mediated mechanism (Mailand et al., 2000; Falck et al., 2001) . Phosphorylation of CDC25C on Ser216 inactivates its phosphatase activity either directly (Blasina et al., 1999a; Furnari et al., 1999) or indirectly through the creation of a 14-3-3 binding site (Peng et al., 1997; Sanchez et al., 1997) . Finally, CHK1 is believed to shield centrosomal cyclin B1-CDK1 from unscheduled activation during G 2 phase by phosphorylation of CDC25B and creating a 14-3-3 docking site (Giles et al., 2003; Kramer et al., 2004; Schmitt et al., 2006) . There is also evidence that CHK1 can phosphorylate and activate WEE1, the kinase that opposes the actions of CDC25 (Lee et al., 2001; Rothblum-Oviatt et al., 2001 ). Suppression of CDC25 or activation of WEE1 promotes CDK1 Thr14/Tyr15 phosphorylation, thus preventing damaged cells from entering mitosis.
Mitotic catastrophe is a poorly defined type of apoptosis linked to abnormal activation of mitotic kinases (Castedo et al., 2004a, b) . It is well known that agents that uncouple the ATM/ATR-CHK1/CHK2 axis can ablate the G 2 DNA damage checkpoint. These include inhibitors of ATM/ATR (for example, caffeine) (Blasina et al., 1999b; Hall-Jackson et al., 1999) and CHK1 (for example, UCN-01). Attenuation of the checkpoint induces unscheduled activation of CDK1 and mitotic catastrophe (Chan et al., 1999; Castedo et al., 2004a, b; Vogel et al., 2007) . Importantly, cells that escape mitotic catastrophe can undergo abnormal cell division, which results in genome instability.
We have studied the involvement of cyclin B1 in the cell death caused by uncoupling of the G 2 DNA damage checkpoint. Our results indicated that although cyclin B1 was required for mitotic catastrophe, it was cleaved during the process by a caspase-dependent mechanism. A truncated cyclin B1 was generated, which may be involved in a novel mechanism regulating cell death during mitosis.
Results

Cyclin B1 is cleaved during mitotic catastrophe
To stimulate mitotic catastrophe, cells were challenged with genotoxic stress followed by uncoupling of the checkpoint with caffeine. Figure 1a shows that cells treated with ionizing radiation (IR) were forced into mitosis by caffeine (as indicated by histone H3 Ser10 phosphorylation). Uncoupling of the checkpoint also caused the destruction of APC/C substrates such as cyclin A2, cyclin B1 and securin, suggesting that some cells could enter the subsequent G 1 . This was verified by the transient surge in mitotic index (Supplementary Figure S1A ) and the appearance of cells with 2N DNA content (Figure 1b) . Caffeine likewise induced premature entry into mitosis when the topoisomerase-II toxin Adriamycin (ADR) was used as a genotoxic agent (Figure 1c) . APC/C substrates remained stabilized and cells continued to display a 4N DNA content after the ADR-caffeine treatment (Figure 1d ), probably because topoisomerase-II activity is required for chromosome segregation (Yanagida, 2005) .
By using the cleavage of the caspase substrate poly (ADP-ribose) polymerase (PARP) as an indicator, we found that apoptosis was induced during both ADRand IR-mediated mitotic catastrophe (Figures 1a and c) . As expected, PARP cleavage, but not mitotic entry, could be suppressed by the pan-caspase inhibitor Z-VAD(OMe)-FMK ( Figure 1c ). Apoptosis was further confirmed by the proteolytic cleavage of caspase-3 (Supplementary Figure S1B) and apoptotic morphology (Supplementary Figure S1C) . To verify that apoptosis indeed occurred during mitosis, the cells were tracked using live cell imaging. Cells stably expressing green fluorescent protein (GFP)-tagged histone H2B were irradiated and treated with caffeine. Although some cells entered apoptosis directly after caffeine treatment, about half of the cells were clearly in mitosis (including chromosomal condensation, metaphase plate and round-up morphology) before undergoing apoptosis (Supplementary Figure S2) . Less than 10% of the cells were able to complete anaphase or cytokinesis before apoptosis. Cells treated with IR or caffeine individually did not undergo significant mitosis (data not shown). These results indicate that at least for cells in which mitosis could be clearly observed, apoptosis was preceded by mitosis.
To evaluate whether cyclin B1 is required for the mitotic catastrophe, cyclin B1 was depleted with a short hairpin RNA (shRNA). Both the caffeine-mediated histone H3 Ser10 phosphorylation and apoptosis were diminished after cyclin B1 knockdown (Supplementary Figure S3) . These data indicate that cyclin B1 was required for the aberrant mitosis and the subsequent apoptosis associated with checkpoint abolition.
Given the central role of cyclin B1 in mitotic catastrophe, we next examined the expression of cyclin B1 during the process in more detail. Unexpectedly, we observed the appearance of a B35 kDa band that increased in a time-dependent manner ( Figure 2a ). Closer inspection revealed that this novel cyclin B1 form (designated as cyclin B1D herein) was a closely spaced doublet. The expression of cyclin B1D was abolished by silencing cyclin B1 with shRNA and intensified by the overexpression of recombinant cyclin B1 (Figure 2b ), suggesting that cyclin B1D was derived from full-length cyclin B1.
Induction of cyclin B1D absolutely required the disruption of the DNA damage checkpoint, as treatment with either ADR or caffeine alone failed to induce cyclin B1D (Figure 2c ). The induction of cyclin B1D was not limited to ADR-mediated damage, as cyclin B1D could also be detected after IR-caffeine treatments (Figure 2d ). Induction of cyclin B1D was not specific only for HeLa cells because cyclin B1D was also detected after ADR-caffeine treatments in several other cancer cell lines (data not shown).
The V152 monoclonal antibody we used to detect cyclin B1 and cyclin B1D also cross-reacted weakly with a band larger than cyclin B1 and a B36 kDa band. This mostly did not compromise our analysis (for example, Figure 2a) . However, these cross-reactive bands became more prominent when the antibody had been reused several times (Figure 2e ). To ensure that cyclin B1D was not derived from nonspecific proteins, cyclin B1 was first immunoprecipitated with a polyclonal antiserum before immunoblotted with V152. Figure 2e shows that both cyclin B1 and the cyclin B1D doublets, but not the cross-reactive bands, were recovered by the cyclin B1 antiserum, further confirming that cyclin B1D was a bona fide form of cyclin B1. Similar results were obtained by using another monoclonal antibody V135 (data not shown). Taken together, these data indicate that a shorter version of cyclin B1 was generated during mitotic catastrophe.
Cyclin B1D is generated by a caspase-dependent mechanism and remains associated with CDK1 We found that the generation of cyclin B1D was not inhibited by cycloheximide (Figure 2f ), indicating that cyclin B1D did not require de novo protein synthesis and was more likely to be derived from post-translational processing of full-length cyclin B1. To examine whether caspases were involved in producing cyclin B1D, cells were treated with a pan-caspase inhibitor at the same time as caffeine. Figure 3a shows that cyclin B1D did not appear in the presence of the inhibitor, indicating that caspases contributed to the generation of cyclin B1D. In contrast, the expression of cyclin B1D was not affected by the inhibitors of proteasome (LLnL) or calpain (LLM) (data not shown).
To assess whether cyclin B1D was associated with its CDK partner, cyclin B1D-CDK1 complex was analysed by co-immunoprecipitation. After ADR treatment, fulllength cyclin B1 could be co-immunoprecipitated with CDK1 ( Figure 3b ). After mitotic catastrophe, both cyclin B1 and cyclin B1D were recovered with CDK1. Collectively, these data indicate that cyclin B1D was generated by a caspase-dependent mechanism and that cyclin B1D remained associated with CDK1.
Cleavage of cyclin B1 is specific for mitotic catastrophe Given that caspases are general executors of apoptosis, we next explored whether cyclin B1D could be detected in other forms of apoptosis. The spindle toxin nocodazole triggered mitotic block and apoptosis (Figure 4a , lanes 1-3). However, treatment of cells with nocodazole alone or together with caffeine did not induce cyclin B1 cleavage. Although caffeine alone also induced apoptosis in a dose-and time-dependent manner (lanes 5-8), this did not induce cyclin B1D. Similarly, actinomycin D (a transcription inhibitor)-mediated apoptosis did not generate cyclin B1D (Figure 4b ).
To further ascertain that cleavage of cyclin B1 was not because of a direct chemical effect of caffeine, CHK1 was depleted as an alternative method of overriding the DNA damage checkpoint. It is well established that the inhibition of CHK1 neutralizes the checkpoint and induces mitotic catastrophe (Niida et al., 2005; Vogel et al., 2007) . Figure 4c shows that after CHK1 was depleted by shRNA, both PARP and cyclin B1 were cleaved after ADR challenge. Although CHK1 depletion alone already led to some cell death (Niida et al., 2005) , this did not result in cyclin B1 cleavage (lane 3). Collectively, these data suggest that cyclin B1 cleavage occurred during mitotic catastrophe but not during general apoptosis.
Cyclin B1 is cleaved after residue Asp123 by a caspase-6-dependent mechanism Given that cleavage of cyclin B1 required caspases (Figure 3a) , we next tested whether cyclin B1 was a direct target of caspases during mitotic catastrophe. Cyclin B1 contains two consecutive putative caspase-3 cleavage sites (DEAD 160 kGAD 163 k) and a putative caspase-6 cleavage site (ILVD 123 k) ( Figure 5a ). As cyclin B1D could be detected with the monoclonal antibody V152 (which recognized the COOH-terminal region of cyclin B1), but not by another monoclonal antibody GNS1 (which recognized the NH 2 -terminal region) (Supplementary Figure S4) , we concluded that cyclin B1D contained the COOH-terminal region of cyclin B1. Interestingly, cyclin B1 migrated anomalously on SDS-polyacrylamide gel electrophoresis (48 kDa predicted size versus 67 kDa actual size). Using NH 2 -and COOH-terminally truncated versions of cyclin B1, we demonstrated that the anomalous size of cyclin B1 was mainly due to the NH 2 -terminal portion of the protein (Supplementary Figure S4 ; summarized in Figure 5a ).
Given the anomalous migration of the NH 2 -terminal region, it was difficult by size prediction alone to determine which of the three putative cleavage sites generated cyclin B1D. On the basis of these premises, we generated NH 2 -terminally truncated mutants that corresponded to the putative caspase cleavage products and compared their gel mobility with the endogenous cyclin B1D. Figure 5b shows that ND122 but not ND160 comigrated with cyclin B1D, suggesting that the cleavage occurred after Asp123 in vivo. The co-migration was not exact, probably because even after removing the FLAG-3C epitope tag, the recombinant proteins still contained four extra residues (Gly-Pro-Met-Asp).
To verify that cyclin B1 was cleaved after Asp123 during mitotic catastrophe, a construct with Asp123 substituted with an Asn (D123N) was created. A D160N mutant was also created as a control. The endogenous cyclin B1 was first depleted with shRNA before wildtype cyclin B1, D123N or D160N was expressed (all constructs contained silence mutations that rendered resistance to the shRNA). As expected, recombinant cyclin B1 could be cleaved after ADR-caffeine treatment, recapitulating the endogenous situation ( Figures  5c and d) . In marked contrast, cleavage was abolished with D123N ( Figure 5d ). Cleavage still occurred in the control D160N mutant (Figure 5c ). Hence, evidence from both the relative gel mobility and site-directed mutagenesis indicated that cyclin B1D was generated by cleavage after Asp123.
As Asp123 resembles a caspase-6 cleavage site (such as IVLDk in Huntingtin; Graham et al., 2006) , we next examined whether specific inhibition of caspase-6 could affect cyclin B1 cleavage. Figure 5e shows that cyclin B1 cleavage was abolished with a caspase-6-specific inhibitor (Ac-VEID-CHO). As a positive control, cleavage of lamin A, which is carried out exclusively by caspase-6 (Slee et al., 2001) , was also abolished by the inhibitor. In contrast, the cleavage of PARP during mitotic catastrophe was only slightly reduced. To shed light on the nature of the upstream initiator caspases of cyclin B1 cleavage, we investigated which specific inhibitors of caspases could suppress the appearance of cyclin B1D. Whereas inhibition of caspase-8 could abolish cyclin B1 cleavage, inhibition of caspase-2 and caspase-9 was considerably less effective (Supplementary Figure S5) . These results indicate that cyclin B1 was cleaved after Asp123 during mitotic catastrophe, possibly through a caspase-8-caspase-6 pathway.
Cleavage of cyclin B1 may potentiate mitotic catastrophe Cleavage of cyclin B1 after Asp123 is predicted to create a COOH-terminal fragment that retains the cyclin box. As the D-box and part of the cytoplasmic retention sequence (CRS) region are predicted to be missing in cyclin B1D (Figure 5a ), we next examined the subcellular localization of cyclin B1D. As expected, full-length cyclin B1 was mainly confined to the cytoplasm during interphase (Figure 6a ). Addition of leptomycin B, a CRM1 inhibitor, promoted nuclear accumulation of cyclin B1 (Yang et al., 1998) . We found that ND122 displayed similar localization patterns as cyclin B1. As a further control, ND160, which lacks the whole CRS region, was localized in the nucleus during interphase. These data indicate that the partial removal of CRS in cyclin B1D did not affect its cytoplasmic retention.
As cyclin B1D does not contain the D-box, it is expected to be stable relative to the wild-type protein. In support of this, ND122 was more stable than cyclin B1 after their promoters were turned off (Figure 6b) . Moreover, the ectopic expression of ND122, but not cyclin B1, induced an accumulation of G 2 /M population ( Figure 7a ). Analysis of histone H3 Ser10 phosphorylation indicated that ND122 arrested cells in a mitotic state (Figures 7b and d) . As expected, potent CDK kinase activity was displayed by ND122 (Supplementary Figure S6) . Importantly, ND122, but not full-length cyclin B1, triggered massive cell death (Figure 7c ). Apoptosis was induced by ND122 in a dose-dependent manner (Figure 7d ). These results suggest that the cleavage of cyclin B1 by caspases generated a truncated product that has the ability to potentiate mitotic block and apoptosis.
To determine whether cleavage of cyclin B1 is required for mitotic catastrophe, we replaced the endogenous cyclin B1 with the non-cleavable D123N mutant. No significant difference in ADR-caffeine-mediated HeLa cells were treated with ADR for 16 h before caffeine (CAF; 5 mM) was added. Cell-free extracts were prepared at the indicated time points after caffeine addition, and were subjected to immunoblotting with the monoclonal antibody V152 against cyclin B1. The positions of molecular size standards (in kDa) are indicated on the left. The positions of full-length cyclin B1 and the putative cleavage product (B1D) are indicated. (b) The appearance of cyclin B1D is dependent on the availability of full-length cyclin B1. Cells were transfected with control vector or plasmids expressing cyclin B1 short hairpin RNA (shRNA) or FLAG-cyclin B1. The cells were either mock-treated or treated with ADR (16 h) followed by CAF (5 mM, 16 h). Lysates were prepared and the expression of the indicated proteins was analysed by immunoblotting. (c) Cleavage of cyclin B1 requires both DNA damage and checkpoint abrogation. Cells were treated with combinations of ADR (16 h) and CAF (5 mM for 24 h) as indicated. Cell-free extracts were prepared and the indicated proteins were detected by immunoblotting. (d) Cleavage of cyclin B1 in irradiated cells. Cells were either mock-treated or irradiated with 15 Gy of ionizing radiation (IR). The cells were then treated with either buffer or caffeine for 16 h. Lysates were prepared and cyclin B1 was detected by immunoblotting. (e) Cyclin B1D can be recognized with an antiserum against cyclin B1. Cells were treated with ADR and/or CAF as in panel b. Lysates were then prepared and 100 mg was subjected to immunoprecipitation with polyclonal antibodies raised against cyclin B1. Both the immunoprecipitates and the total cell lysates were subjected to immunoblotting with the monoclonal V152 that had been reused several times. The asterisks indicate the positions of the two cross-reactive bands recognized by V152. (f) The appearance of cyclin B1D does not require de novo protein synthesis. Cells were treated with ADR for 16 h before CAF (5 mM) or cycloheximide (CHX) was introduced for 24 h as indicated. Lysates were prepared and cyclin B1 was detected by immunoblotting. mitosis or apoptosis was observed in cells expressing either cyclin B1 or D123N (Figure 8a ). Similar results were observed when cells were treated with IR and caffeine (Figure 8b ). These results indicate that although the ectopic expression of ND122 was sufficient to induce mitotic block and apoptosis, cleavage per se was not necessary for mitotic catastrophe.
We next examined whether seeding a low level of ND122 could enhance the apoptosis associated with mitotic catastrophe. Figure 8c shows that the expression of ND122 to a level comparable with the endogenous cyclin B1D increased the sensitivity of cells toward IR-caffeine treatment. Taken together, these data suggest that although cleavage of cyclin B1 may not be essential for mitotic catastrophe, the cleaved product may take part in keeping the cells in the mitotic state and enhancing apoptosis.
Discussion
In this study, we found that a shorter form of cyclin B1 was produced when cells received genotoxic stress that activated the G 2 DNA damage checkpoint (ADR or IR) followed by an agent that uncoupled the checkpoint (caffeine or CHK1 shRNA). Neither the genotoxic agents nor the uncoupling agents alone were able to produce cyclin B1D (Figure 2c ). Several lines of evidence indicate that caspases were responsible for the generation of cyclin B1D. First is the fact that cyclin B1D was generated by a post-translational mechanism (Figure 2f) . Then, it is the correlation between caspase activity and the appearance of cyclin B1D (Figure 1 and Supplementary Figure S1B) . Furthermore, cleavage of cyclin B1 was abolished with both a pan-caspase inhibitor (Figure 3a) and a caspase-6-specific inhibitor (Figure 5e ). Finally, a mutation introduced to disrupt the caspase consensus cleavage motif at Asp123 abolished cleavage (Figure 5d) .
Interestingly, although the COOH-terminal fragment was readily detected with the monoclonal antibody V152 after cleavage, we were unable to detect the NH 2 -terminal fragment with the antibody GNS1 (Supplementary Figure S4) . Similarly, we were unable to detect the NH 2 -terminal fragment of cleaved recombinant FLAG-cyclin B1 with an antibody against FLAG (our unpublished data). One possibility is that because the NH 2 -terminal fragment contained the D-box, it may be extremely unstable.
Although cyclin B1D appeared as a closely spaced doublet on immunoblots, we do not favor the idea of the presence of two cleavage sites. In support of this, mutation of a single site D123N was sufficient to inhibit cleavage completely (Figure 5d ). It remains possible that secondary cleavage occurred only after Asp123 was cleaved. It is more likely that the doublet was caused by post-translational modifications such as phosphorylation.
Although the putative caspase cleavage site is not within a particularly well-conserved region in the cyclin family, the cleavage motif itself is conserved among cyclin B1 from different species. The motif is not conserved in cyclin B2 or cyclin B3. Accordingly, we did not observe the cleavage of cyclin B2 under conditions of cyclin B1 cleavage (our unpublished data). Although cyclin A does not contain a caspase cleavage site at the equivalent position as cyclin B1, it is nevertheless known to be cleaved by caspases at another position. When Xenopus embryos are treated with hydroxyurea under conditions that induce apoptosis, cyclin A is cleaved by caspases at DEPD 90 k (the equivalent sequence in human cyclin A2 is DEAE 107 ) (Stack and Newport, 1997) . This also generates a truncated cyclin A that lacks the D-box. We did not observe significant cleavage of human cyclin A2 under the conditions that generate cyclin B1D (our unpublished data). In addition to cyclins, some checkpoint components are also processed by caspases. The spindleassembly checkpoint components BUB1 and BUBR1 are cleaved by caspases, which may account for the aberrant mitotic exit after spindle disruption (Baek et B1D is generated by a caspase-dependent mechanism and remains associated with CDK1. (a) Caspasedependent formation of cyclin B1D. Cells were exposed to Adriamycin (ADR) for 16 h before treated with caffeine (CAF) and caspase inhibitor as indicated. After 24 h, lysates were prepared and cyclin B1 was analysed by immunoblotting. (b) The cleaved cyclin B1 can bind to CDK1. HeLa cells were treated with ADR (16 h) alone or with ADR followed by CAF (12 h). Lysates were prepared and 100 mg was subjected to immunoprecipitation with either a control normal rabbit serum (NRS) or an antiserum against CDK1. The immunoprecipitates were subjected to immunoblotting with antibodies against cyclin B1 and CDK1.
initiator factor for DNA replication, undergoes caspase-3-mediated cleavage, generating a truncated CDC6 that lacks the nuclear exporting sequence (Yim et al., 2003) . The increased nuclear retention of the truncated CDC6 may act as a dominant-negative inhibitor of DNA replication (Yim et al., 2006) . These results suggest that in addition to causing apoptosis directly, caspases may also at the same time uncouple the regulation of the cell cycle.
Although the major apoptotic executor caspase-3 is activated during mitotic catastrophe (Supplementary Figure S1B) , it is probably not responsible for cleaving Asp123. In support of this, we found that cyclin B1 was a poor substrate for purified caspase-3 in vitro (our unpublished data). Cyclin B1 was likely to be cleaved by caspase-6 (Figure 5e) , with a putative cleavage site (ILVD 123 k) resembling that of Huntingtin (IVLDk) (Graham et al., 2006) . Caspase-6 is essential for the cleavage of nuclear lamins (Orth et al., 1996; Takahashi et al., 1996) and for chromatin condensation (Ruchaud et al., 2002) , especially in cells that express lamin A/C (which is cleaved exclusively by caspase-6) (Slee et al., 2001) . Our data suggest that cyclin B1 may be one of a few known specific substrates of caspase-6. Interestingly, caspase-8 appeared to be the initiator caspase of cyclin B1 cleavage because an inhibitor of caspase-8 (but not Figure 5 Cyclin B1 is cleaved after residue Asp123. (a) Schematic diagram of cyclin B1 and cyclin B1 constructs used in this study. Elements in human cyclin B1, including the destruction box (D-Box), the cytoplasmic retention sequence (CRS) and the two cyclin folds are shown to scale. The putative caspase cleavage sites are indicated. The predicted and the actual size on SDS-PAGE (in parentheses) of the protein products are indicated. (b) ND122 but not ND160 co-migrates with the endogenous cyclin B1D. HeLa cells were transfected with plasmids expressing FLAG-3C-tagged cyclin B1, cyclin B1(ND122) or cyclin B1(ND160). Lysates were prepared and 200 mg was subjected to immunoprecipitation with an antiserum against FLAG. The immunoprecipitates were treated with 3C protease as described earlier (Fung et al., 2005) to remove the FLAG tag. The immunoprecipitates and the original lysates were subjected to immunoblotting for cyclin B1 and the FLAG epitope. Cells treated with Adriamycin (ADR) followed by caffeine (CAF) were included as controls for endogenous cyclin B1D. The positions of molecular size standards (in kDa) are indicated on the left. (c) Asp160 is not required for cyclin B1 cleavage. Cells were co-transfected with plasmids expressing cyclin B1 short hairpin RNA (shRNA), FLAG-tagged cyclin B1 or cyclin B1(D160N) as indicated. Transfected cells were enriched and treated with either control buffer or ADR (16 h) followed by CAF (5 mM, 24 h). Cell-free extracts were prepared and cyclin B1 was detected by immunoblotting. Uniform loading of lysates was confirmed by actin analysis. (d) Mutation of Asp123 abolishes cyclin B1 cleavage. The experiment was performed similar to that in panel c except that cyclin B1(D123N) was used instead of the D160N mutant. A caspase inhibitor was added together with ADR and CAF as indicated. (e) Caspase 6-dependent formation of cyclin B1D. Cells were either mock-treated or treated with ADR for 16 h before a combination of caffeine and a caspase-6 inhibitor (Ac-VEID-CHO) was added. After 24 h, cell-free extracts were prepared and were subjected to immunoblotting for cyclin B1, lamin A/C and cleaved PARP. Uniform loading of lysates was confirmed by tubulin analysis. that of caspase-2 and caspase-9) suppressed cleavage (Supplementary Figure S5) .
Similar to full-length cyclin B1, cyclin B1D could bind to CDK1 (Figure 3b ). Although part of the CRS region was deleted, the subcellular localization of transfected cyclin B1D was similar to the full-length protein ( Figure 6 ). As significant amount of cyclin B1D was detected only after the onset of mitotic catastrophe (when the nuclear envelop was already broken down), we have not formally demonstrated the subcellular localization of endogenous cyclin B1D. As the D-box was removed in cyclin B1D, the protein was not degraded by APC/C. This is supported by the results that cyclin B1D, but not cyclin B1, could block cells in mitosis (Figures 7a and b) . As the cyclin subunit is a major determinant of substrate specificity of cyclin-CDK complexes, it is conceivable that cyclin B1D-CDK1 complex has a different substrate specificity compared with the full-length version.
How important is the cleavage of cyclin B1 during mitotic catastrophe? At one end of the spectrum, it is possible that cyclin B1 is merely a bystander getting tied up with the general caspase activation during mitotic catastrophe. This argument is supported by the fact that only a minor portion of cyclin B1 was cleaved (however, this may be counter argued that because cyclin B1D is non-degradable, a low level is probably sufficient to exert a potent mitotic effect). Furthermore, premature mitotic entry was independent on cyclin B1 cleavage, as treatment with a caspase inhibitor abolished the expression of cyclin B1D but not histone H3 Ser10 phosphorylation (Figure 1c) . Finally, no significant difference in apoptosis and mitosis occurred when the endogenous cyclin B1 was replaced with the noncleavable D123N mutant (Figures 8a and b) . At the other end of spectrum, it is possible that the cleavage of cyclin B1 is integrally involved in apoptotic program during mitotic catastrophe. In support of this, the expression of ND122 was sufficient to induce mitotic block and cell death (Figure 7) . Furthermore, low level of ND122 was able to enhance the apoptosis induced by IR and caffeine (Figure 8c) . Significantly, about half of the checkpoint-disrupted cells clearly entered mitosis before cell death (Supplementary Figure S2) . It is likely to be an underestimation, as other cells that appeared to undergo apoptosis directly could enter a brief mitosis not discernible by the time lapse microscopy. We also found that individual checkpoint-disrupted cells entered mitosis and apoptosis at different kinetics, from immediately to up to 12 h after the addition of caffeine (data not shown). This indicates that cautions should be used in interpreting the exact kinetics of mitotic catastrophe when dealing with a whole-cell population.
Cyclin B1 expression and CDK1 kinase activity are increased in apoptotic cells induced by different death signals (Castedo et al., 2002) . Although the underlying Figure 6 The subcellular localization and stability of truncated cyclin B1. (a) FLAG-tagged cyclin B1, ND122 or ND160 was expressed in HeLa cells by transient transfection. The cells were treated with either control buffer or leptomycin B (LMB) for 4 h. After fixation, cells were subjected to immunostaining using a monoclonal antibody against FLAG and a FITC-conjugated secondary antibody. The cells were counter stained with Hoechst 33258 dye to detect the nucleus. Representational images are shown. (b) FLAGtagged cyclin B1 or ND122 was expressed in HeLa cells by transient transfection. The cells were treated with doxycycline and cell-free extracts were prepared at the indicated time points. Recombinant cyclin B1 was detected by immunoblotting. Uniform loading of lysates was confirmed by actin analysis.
principles of cyclin B1-CDK1 toxicity remain largely unresolved, several targets that affect survival have been identified. Apoptosis of post-mitotic granule neurons is catalyzed by cyclin B1-CDK1-mediated phosphorylation of BAD (Konishi et al., 2002) . There are also conflicting reports on the phosphorylations of BCL2 by cyclin B1-CDK1, but the role of these in apoptosis remains to be elucidated. We found that knockdown of cyclin B1 inhibited mitotic catastrophe (Supplementary Figure S3) . We also found that prolonged accumulation of cyclin B1 (and to a lesser extent cyclin B2) is the key requirement for cell death after spindle disruption (Chan et al., 2008a) . We hypothesize that cyclin B1D may contribute to the apoptotic pathway by allowing a more prolonged activation of CDK1 during mitotic catastrophe.
A model of caffeine-induced mitotic catastrophe is summarized here. Cyclin B1-CDK1 is negatively regulated by inhibitory phosphorylation and nuclear export after genotoxic stress. Agents such as caffeine uncouple the checkpoint and induce precocious activation of cyclin B1-CDK1. This may also activate caspases (in particular the caspase-8-caspase-6 pathway), which in turn cleave cyclin B1 at Asp123. Removal of the D-box from cyclin B1 by caspase-6 curtails proteolysis by APC/C. We propose that although cleavage of cyclin B1 is not absolutely required for mitotic catastrophe, cyclin B1D-CDK1 may sustain the mitotic block in cells that would otherwise exit mitosis. Indeed, live cell imaging revealed that many checkpoint-disrupted cells die only after entering mitosis, and that the duration of mitosis before mitotic catastrophe was in general much longer than normal mitosis (an example is shown in Supplementary Figure  S2) . The extended mitotic block may contribute to cell death by either activating different caspases (for example, caspase-3) or by caspase-independent mechanisms (Mansilla et al., 2006) . This is in many ways parallel to the apoptosis caused by the sustained activation of cyclin B1-CDK1 during spindle poisonmediated checkpoint (Chan et al., 2008a) .
Materials and methods
Materials
All reagents were obtained from Sigma-Aldrich (St Louis, MO, USA) unless stated otherwise.
DNA constructs
All cyclin B1 clones used in this study were of human origin. Plasmids expressing FLAG-cyclin B1 (Fung et al., 2005) , ND88 (Chan et al., 2008a) and histone H2B-GFP (Chow et al., 2003b) were constructed or obtained from sources as described earlier. Cyclin B1 cDNA was amplified by PCR with the oligonucleotides 5 0 -TCCATGGATACTGCCTCTCCAAG CC-3 0 (for FLAG-cyclin B1(ND122)) or 5 0 -AGCCATGG GAGCTGATCCAAACC-3 0 (for FLAG-cyclin B1(ND160)) and a cyclin B1 reverse primer (5 0 -CGGATCCTTA CACCTTTGCCAC-3 0 ); the PCR products were cut with NcoI Figure 8 Mitotic catastrophe does not require the cleavage of cyclin B1, but cyclin B1D may enhance cell death during mitotic catastrophe. (a) Replacing the endogenous cyclin B1 by D123N mutant does not affect the onset of Adriamycin (ADR)-caffeine (CAF)-mediated mitotic catastrophe. Cyclin B1 was depleted by the transfection of cyclin B1 short hairpin RNA (shRNA)-expressing plasmids. FLAG-tagged cyclin B1 or cyclin B1(D123N) was co-expressed (both constructs contained silence mutations that rendered them refractory to the shRNA). After enriching the transfected cells, they were treated with either buffer or ADR for 16 h. Cell-free extracts were prepared at the indicated time points after the introduction of CAF and analysed by immunoblotting. Equal loading of lysates was confirmed by immunoblotting for CDK1. (b) Cyclin B1(D123N) does not affect ionizing radiation (IR)/CAF-mediated mitotic catastrophe. Cells were transfected as in panel a. The cells were irradiated with 15 Gy of IR and CAF was added after 16 h. Cell-free extracts were prepared at the indicated time points after the addition of CAF and analysed by immunoblotting. Uniform loading of lysates was verified by immunoblotting for CDK1. (c) Expression of cyclin B1(ND122) increases the sensitivity toward IR/CAF-mediated cell death. Cells were transfected with plasmids expressing either FLAG-tagged cyclin B1 or ND122. Doxycycline was added after transfection to suppress expression of the recombinant proteins. After the transfected cells were enriched by blasticidin for 24 h, doxycycline was removed by trypsinization and re-plating. After 6 h, the cells were washed a second time and then irradiated with 15 Gy of IR. CAF was added after another 16 h and the cells were harvested for immunoblotting analysis at the indicated time points after irradiation. Equal loading of lysates was confirmed by immunoblotting for CDK1.
and EcoRI, and ligated into pUHD-P1 (Yam et al., 1999a) or pUHD-P1/3C (Fung et al., 2005) . FLAG-cyclin B1 in pUHD-P1 was amplified by PCR with vector forward primer and 5 0 -GATCAGCTCCATTTTCTGCATC-3 0 ; the PCR product was cut with NcoI, and ligated into pUHD-P1 cut with NcoI and BamHI (blunt with Klenow fragment) to produce FLAGcyclin B1(CD160) in pUHD-P1. shRNA against cyclin B1 (Fung et al., 2007) and CHK1 (Ho et al., 2005) were constructed as described. Site-directed mutagenesis was carried out with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) with the following oligonucleotides and their antisense: 5 0 -AAGATGGAGCCGACCC GAACCT-3 0 (for shRNA-resistant cyclin B1), 5 0 -ATT TTGGTTAATACTGCCTCT-3 0 (for D123N), and 5 0 -AAA ATGGAGCCGACCCGAACCT-3 0 (for D160N).
Cell culture
The HeLa cell line (human cervical carcinoma) used in this study is a clone that expressed the tTA tetracycline repressor chimera . Cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) calf serum (Invitrogen Life Technologies, Carlsbad, CA, USA) in a humidified incubator at 37 1C in 5% CO 2 . Unless stated otherwise, cells were treated with the following reagents at the indicated final concentration: actinomycin D (0.5 mg/ml), ADR (200 ng/ml), blasticidin (5 mg/ml), caffeine (2 mM), cycloheximide (10 mg/ml), doxycycline (1 mg/ml), leptomycin B (10 ng/ml) (Calbiochem, San Diego, CA, USA), nocodazole (0.1 mg/ml), and thymidine (2 mM). Caspase inhibitors were obtained from Alexis (Lausen, Switzerland) and were used at 20 mM: pan-caspase (Z-VAD(OMe)-FMK), caspase-2 (Ac-LDESD-CHO), caspase-3/7 (Ac-DEVD-CHO), caspase-6 (Ac-VEID-CHO), caspase-8 (Ac-IETD-CHO) and caspase-9 (Ac-LEHD-CHO). IR was delivered with a caesium 137 source from an MDS Nordion Gammacell 1000 Elite Irradiator (Ottawa, ON, Canada). To enrich the transfected cells, cells were subjected to a transient selection with blasticidin as outlined earlier (Fung et al., 2007) . Double thymidine synchronization (Arooz et al., 2000) , determination of mitotic index (Chow et al., 2003a) , transfection (Chan et al., 2008b ) and preparation of cellfree extracts were performed as described. Live cell imaging analysis was preformed as described (Chan et al., 2008a) ; images were taken at 5 min per frame.
Cell viability analysis and flow cytometry
Trypan blue analysis and flow cytometry after propidium iodide staining were performed as described earlier (Siu et al., 1999) . For the analysis of histone H3 Ser10 phosphorylation in histone H2B-GFP-expressing cells, cells were harvested by trypsinization, fixed in ice-cold 80% EtOH and washed twice with PBST (0.1% bovine serum albumin, 0.2% Tween 20 in PBS, pH 7.4). The cell pellet was resuspended in residue buffer and incubated with 0.4 mg of polyclonal antibody against phospho-histone H3 Ser10 at 25 1C for 30 min. The cells were washed twice with PBST, resuspended in residue buffer and incubated with 1 ml of phycoerythrin-conjugated goat antirabbit IgG antibodies (Beckman Coulter, Fullerton, CA, USA) at 25 1C for 30 min. After washed once with PBST, the cells were subjected to bivariate flow cytometry analysis. For propidium iodide exclusion assay of unfixed cells, 4 mg/ml of propidium iodide was applied directly to the medium and the cells were harvested after incubating for 5 min; the cells were washed once with PBS and examined under fluorescence microscopy.
Kinase assays
Histone H1 kinase assays were performed as described earlier . Phosphorylation was detected and quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA).
Antibodies and immunological methods
Monoclonal antibodies against b-actin (Chan et al., 2008b), CDK1 (Siu et al., 2004) , FLAG (Fung et al., 2002) , cleaved PARP (Asp214) (Chan et al., 2008a) , tubulin (Ho et al., 2006) , polyclonal antibodies against CDK1 (Li et al., 2002) , cyclin B1 (Arooz et al., 2000) and FLAG were obtained from sources as described earlier. Monoclonal antibodies V135 and V152 against cyclin B1, and E23 against cyclin A2 were generous gifts from Julian Gannon and Tim Hunt (Cancer Research UK, South Mimms, UK). Unless stated otherwise, cyclin B1 was detected with V152. Polyclonal antibodies against caspase-3 (sc-7148), phospho-histone H3
Ser10
(sc-8656R), securin (sc-5839) and monoclonal antibodies GNS1 against cyclin B1 and lamin A/C (sc-7292) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Immunoblotting, immunoprecipitation and indirect immunofluorescence microscopy (Yam et al., 1999b) were performed as described.
